A complement to the classic three-component Mannich reaction, the redox-Mannich reaction, utilizes the same starting materials but incorporates an isomerization step that enables the facile preparation of ring-substituted β-amino ketones.
T he classic three-component Mannich reaction of a primary or a secondary amine with a nonenolizable aldehyde and a C−H acidic carbonyl compound remains an extremely valuable method for C−C bond construction. 1, 2 Among the most extensively studied variants are oxidative two-component approaches with tertiary amines that provide access to ringsubstituted β-amino ketones, products not available by the classic Mannich approach (eq 1). 3 Here we report a redox-neutral alternative that utilizes the same starting materials as the regular Mannich reaction but leads to amine α-C−H bond functionalization (eq 2).
The oxidative functionalization of amine α-C−H bonds via cross-dehydrogenative coupling reactions (CDC reactions) is an attractive avenue for the generation of more complex amines from simpler starting materials. 4 Different oxidants and strategies including photoredox approaches have been utilized, often in the context of functionalizing N-aryl tetrahydroisoquinolines. 4, 5 Recently, our group has advanced an alternate and redox-neutral concept for amine α-C−H bond functionalization that obviates the need for an oxidant by effectively linking a reductive Nalkylation event to an oxidative α-functionalization. 6−8 Unstabilized azomethine ylides 9 have been identified as intermediates in these processes. In some instances, in particular for relatively acidic substrates such as phenols, amine α-functionalization can be achieved in the absence of any additives. 6k,m Other redoxtransformations with concurrent amine α-C−H bond functionalization are facilitated by carboxylic acids 6d,f,j,k,n or simply by the solvent (e.g., ethanol) . 6h Because the realization of such a process offered a unique set of challenges (vide inf ra) and would provide products of synthetic utility, we were intrigued by the possibility of developing an unprecedented redox version of the Mannich reaction.
For the purpose of exploring the feasibility of a redox-Mannich reaction, we selected a substrate combination of pyrrolidine, 2,6dichlorobenzaldehyde, and acetophenone ( Table 1) . Following extensive experimentation, the most successful conditions that were identified call for the slow addition (5 h) of a toluene solution of a 1:1.5 mixture of 2,6-dichlorobenzaldehyde and acetophenone to excess pyrrolidine (5 equiv), heated under reflux in toluene in the presence of benzoic acid (50 mol %). The reaction was completed (as judged by the disappearance of a Reactions were performed on a 0.5 mmol scale. A mixture of aldehyde and ketone in 0.5 mL of toluene was added over 5 h to a solution of pyrrolidine and benzoic acid in 2 mL of toluene. All yields correspond to isolated yields. 2-EHA: 2-ethylhexanoic acid.
2,6-dichlorobenzaldehyde) within <5 min after the slow addition had ended. Under these conditions, β-amino ketone 1a was isolated in 56% yield. The redox-Mannich reaction proved remarkably tolerant to deviation from the optimized conditions. While the presence of a carboxylic acid catalyst was a strict requirement, the nature or the amount of acid was found to be less important. Also, slow addition of ketone and aldehyde or aldehyde alone was not absolutely necessary and the amount of pyrrolidine could be reduced to 2 equiv without a major reduction in yield. Interestingly, the addition of molecular sieves led to a decrease in yield. This is in contrast to other redox processes in which molecular sieves greatly increase substrate conversion and product yields. Under the optimized conditions, the pyrrolidine/2,6-dichlorobenzaldehyde pair was found to readily undergo redox-Mannich reactions with a range of aromatic and heteroaromatic methylketones (Scheme 1). Electron-donating and -withdrawing substituents in the m-and p-position of the ring were well tolerated. Interestingly, o-substituted acetophenones failed to undergo the title reaction, possibly due to less favorable keto/ enol equilibration.
Tetrahydroisoquinoline (THIQ) was found to be an excellent substrate for redox-Mannich reactions (Scheme 2). Consistent with the enhanced reactivity of the benzylic α-C−H bond of THIQ over the α-C−H bond of pyrrolidine, reactions could be performed at a reduced temperature of 50°C. A 20 mol % loading of benzoic acid was optimal, and slow addition of substrate was unnecessary. Unlike in the case of pyrrolidine, the addition of molecular sieves had a beneficial effect on the reaction outcome. The scope of this transformation was shown to be broad with regard to the aldehyde. Electronically diverse aromatic and heteroaromatic aldehydes with various substitution patterns readily engaged in redox-Mannich reactions with THIQ and acetophenone. Acetone was also shown to act as a competent nucleophile in this process.
In an effort to further extend the scope of the redox-Mannich reaction, nitroalkanes were evaluated as nucleophiles (Scheme 3).
Gratifyingly, the conditions optimized for ketones were directly applicable to this class of nucleophiles and reactions of pyrrolidine and THIQ proceeded in good to excellent yields. It should be noted, however, that products 3 (in particular 3b and 3c) and 4 were found to be relatively unstable to column chromatographic purification.
A remarkable feature of the redox-Mannich reactions described herein is that regular Mannich products were never observed as byproducts in any of the reactions. There is probably a rather simple explanation for this observation which, on cursory inspection, might appear rather surprising. While reactions of secondary aliphatic amines with formaldehyde and various ketones readily provide isolable β-amino ketones, as established by Carl Mannich himself, 10 the corresponding products from other nonenolizable aldehydes, in particular aromatic aldehydes, are known to be relatively unstable by way of amine elimination under the typically acidic reaction conditions. 11 On the other hand, secondary aliphatic amines are known to add to the thus formed α,β-unsaturated ketones under neutral conditions. For instance, THIQ was reported to add to chalcone (5) to give 6 (eq 3). 12, 13 We have observed that pyrrolidine and α,β-unsaturated ketone 7 form β-amino ketone 8 in equilibrium (eq 4). Both 6 and 8 are unstable to standard chromatography and readily revert to starting materials under acidic conditions. Redox-Mannich products such as 1a and 2a do not suffer from this instability. This is readily rationalized by considering the hypothetical equilibrium between 1a and elusive species 9a that would be expected to favor 1a (eq 5). 14 The relative instability of the redox-Mannich products derived from nitroalkanes (Scheme 3) can probably be ascribed to the reversibility of the Mannich addition itself rather than the formation of nitroalkenes.
It is important to note that the desirable redox-Mannich pathway does not benefit from the instability of the regular Mannich products (e.g., 6 and 8). In fact, the formation and subsequent decomposition of products such as 8 is in direct competition to the desired reaction outcome. 15 In order to obtain redox-Mannich products, it is crucial that the reaction is conducted under conditions at which the relative rate of iminium isomerization is sufficiently fast to effectively compete with the classic Mannich pathway. In the case of pyrrolidine, this was achieved with an electron-deficient and sterically demanding aldehyde (e.g., 2,6-dichlorobenzaldehyde) . As iminium isomerization is significantly more facile for THIQ, a broader range of aldehydes can be used. 16 In summary, we have developed a new variant of the Mannich reaction that provides access to ring-substituted β-amino ketones with unprecedented ease. While the yields for the redox-Mannich products are mostly moderate, the simplicity of this process partially compensates for this current shortcoming.
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